Lead is a pervasive environmental toxin that affects multiple organ systems, including the nervous, renal, reproductive, and hematological systems. Even though it is probably the most studied toxic metal, some of the symptoms of lead toxicity still cannot be explained by known molecular mechanisms. Therefore, lead-induced oxidative stress has recently started to gain attention. This in vitro study confirms the existence of oxidative stress due to lead exposure. Administration of lead acetate (PbA) to cultures of Chinese hamster ovary cells (CHO) had a concentrationdependent inhibitory effect on colony formation and cell proliferation. This inhibition was eliminated by 5 μM selenocystine (SeCys). In order to evaluate the nature of SeCys's effect, we measured glutathione (GSH), its oxidized form glutathione disulfide (GSSG), malondialdehyde (MDA), catalase, and GSH peroxidase (GPx) activities in lead-exposed CHO cells both in the presence and absence of SeCys. Increases in MDA, catalase, and GPx activities were observed in cultures that received only PbA, but supplementation with SeCys returned these measures to pretreatment levels. The ratio of GSH to GSSG increased in lead-exposed cells incubated in SeCys-enhanced media but declined in cultures treated with PbA only. In order to determine whether SeCys also reverses lead-induced neurotoxicity, a neuronal cell line, PC-12 cells, was used. Lead's inhibition on neurite formation was significantly eliminated by SeCys in PC-12 cells. Our results suggest that SeCys can confer protection against leadinduced toxicity in CHO cells and neurotoxicity in PC-12 cells.
Introduction
Lead is an abundant toxic metal that primarily affects the peripheral and central nervous systems, kidneys, red blood cells, and calcium metabolism. Although no single mechanism for lead toxicity has yet been defined, recent studies indicate that at least some lead-induced damage may occur as a consequence of lead-induced oxidative stress (Nehru and Kanwar, 2004; Dursun et al., 2005; Aykin-Burns et al., 2005; Soltaninejad et al., 2003) . A change in the prooxidant/ antioxidant ratio, in favor of the former due to the production of reactive oxygen species (ROS) by mitochondria, is defined as oxidative stress (Sies, 1985) . The effects of redox active metals on ROS production have been known for years. However, the theory of lead's ability to induce oxidative stress as a redox inactive metal has begun to gain support during the past 10 years (Ercal et al., 1996) . Lead-induced oxidative stress has led scientists to study the protective qualities of antioxidants against lead toxicity, along with their possible chelating abilities. Nevertheless, the use of antioxidants in conjunction with chelating agents as a therapeutic strategy has not been thoroughly investigated (Gurer and Ercal, 2000) .
The possible role of selenium (Se) against the toxic effects of lead has been controversial due to its narrow therapeutic range (Lavender et al., 1997) . Selenium is essential element for cellular antioxidant defense systems to scavenge free radicals (Rayman, 2000 (Rayman, , 2005 Ayaz et al., 2004; Brown and Arthur, 2001 ). Othman and Missiry discovered that Se protects rats against lead-induced oxidative stress when it is administered as sodium selenite by intramuscular injections (Othman and El Missiry, 1998) . Various forms of selenium found in biological systems are selenite, selenate, selenocysteine, and selenomethionine (Ip et al., 1991) . Selenium, which is found at the Toxicology and Applied Pharmacology 214 (2006) 136 -143 www.elsevier.com/locate/ytaap active site of glutathione peroxidase (GPx), can help detoxify organic peroxides and inhibit lipid peroxidation, mainly as selenocysteine (Rotruck et al., 1973) . Selenocysteine has been identified as the 21st amino acid. UGA was found to be the genetic code for this rare amino acid (Stadtman, 1996) . Selenocysteine can be easily converted to its disulfide dimer, selenocystine (SeCys, Fig. 1 ), which is reduced to two selenocysteine molecules after administration of thioredoxin reductase (TR) (Bjornstedt et al., 1997) . In addition, SeCys showed protective effects against peroxynitrite-induced DNA single-strand breaks, which had also been observed in the lymphocytes of lead-exposed workers (Stadtman, 1996) . Therefore, our study investigates the impact of in vitro SeCys supplementation on the prooxidant/antioxidant character of CHO cells exposed to various concentrations of lead acetate (PbA). Parameters measured for oxidative stress included GSH, GSSG, MDA, and activities of some antioxidant enzymes (catalase and GPx). Colony formation and cell proliferation assays were also performed at various PbA concentrations in order to assess the impact of SeCys supplementation on cell survival. A second cell line, PC-12 cells, was used to evaluate the effects of SeCys on lead-induced neurotoxicity. Neurite outgrowth, lactate dehydrogenase, caspase-3 as an apoptotic marker, and protein kinase C activations were among the parameters selected to determine the role of SeCys in leadinduced neurotoxicity.
Methods

Chemicals.
The N-(1-pyrenyl)-maleimide (NPM) was purchased from Aldrich (Milwaukee, WI, USA). The Caspase-3 Colorimetric Assay Kit was purchased from R&D Systems Inc. (Minneapolis, MN, USA). 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was purchased from Promega (Madison, WI, USA). Highperformance liquid chromatography (HPLC)-grade solvents were purchased from Fisher Scientific (Fair Lawn, NJ). All other chemicals were purchased from Sigma (St. Louis, MO, USA).
Colony formation assays. CHO cells, propagated in Ham's F-12 culture medium supplement with 10% fetal bovine serum (FBS), were plated and incubated for 4 h prior to being exposed to lead to facilitate attachment. After the cultures were exposed to various concentrations of lead and incubated at 37°C for an additional 6 h, the lead-containing media was removed. Plated cells were then washed and covered with 5 ml of fresh medium containing either culture media only or 5 μM SeCys-enriched media. This was the highest non-toxic dose used for both CHO and PC-12 cells lines (data not shown). The plates were further incubated for 7-10 days. Following this period, the resulting colonies were stained with methylene blue and counted.
Cell proliferation assay.
Approximately, 5 × 10 4 cells were seeded into 24-well plates and then incubated for 4 h, prior to lead exposure. The cultures were then exposed to various concentrations of lead and incubated at 37°C for an additional 20 h. The lead-containing media was removed, and the plated cells were washed and covered with 2 ml of fresh medium, containing either culture media only or 5 μM SeCys-enriched media. The plates were further incubated for 4 more h. At the end of treatment, the media present was aspirated off, and 1 ml of MTS reagent (Promega, USA) was administered into each well. Cells were allowed to react with the reagent for 2 h, and then the absorbance was read at 490 nm. Absorbance readings were found to be in proportion to the number of viable cells in the assay.
Oxidative stress studies. Four groups of CHO cells containing approximately 7 × 10 6 cells per flask were established in 25 cm 2 culture flasks: (I) Control: no lead acetate, no SeCys; (II) Lead only 500: lead acetate (500 μM), no SeCys; (III) SeCys only: no lead acetate, SeCys (5 μM); and (IV) Lead 500 + SeCys: lead acetate (500 μM), SeCys (5 μM). The lead treatment cultures (Groups II and IV) were incubated with 500 μM of lead acetate for 20 h at 37°C. The media was then changed on all cultures, and a fresh media, supplemented with 5 μM SeCys for Groups III and IV, was added. Groups I and III received regular media with no supplement. At the end of an additional incubation period of 4 h, the cells were carefully washed, trypsinized, and collected by centrifugation. The cell pellets were kept at −70°C for determinations of GSH, GSSG, MDA levels, and catalase activity.
HPLC system for GSH and GSSG determination.
The HPLC system (Shimadzu) consisted of a model LC-10A pump, an autoinjector with a Rheodyne injection valve with a 20 μl filling loop, and a Model Rf-535 fluorescence spectrophotometer operating at an excitation wavelength of 365 nm and an emission wavelength of 445 nm. The HPLC column was 250 × 4.6 mm and was packed with 5 μm particles of C 18 packing material. Quantitation of the peaks from the HPLC system was performed with a Chromatopac Model CR601 integrator (Shimadzu). GSH and GSSG determinations by reverse phase HPLC were performed by using the method described by Winters et al. (1995) .
Determination of MDA. 350 μl of straight cell, 100 μl of 500 ppm butylated hydroxytoluene (BHT), and 550 μl of 10% trichloroacetic acid (TCA) were combined and boiled for 30 min. The tubes were cooled on ice and centrifuged for 10 min at 1000×g. Five hundred microliters of the supernatant was removed and added to 500 μl thiobarbituric acid (TBA). The tubes were boiled again for 30 min and then cooled on ice. From this solution, 500 μl were removed, added to 1.0 ml of n-butanol, vortexed, and centrifuged for 5 min at 160 × g to facilitate a phase separation (Draper et al., 1993 ). The top layer was then filtered through a 0.45 μm filter and injected onto a 5 μm, C 18 column (250 × 4.6 mm) on a reverse phase HPLC system. The mobile phase consisted of 69.4% 5 mM sodium phosphate buffer (pH 7.0), 30% acetonitrile, and 0.6% tetrahydrofuran (THF). The excitation wavelength was 515 nm, with the emission wavelength at 550 nm. The TBA-MDA adducts were eluted from the column at a flow rate of 1.00 ml/min.
Determination of catalase activity.
Catalase activity was determined spectrophotometrically by the method described by Beers and Sizer (1952) . It was expressed in k units/mg protein, as described by Aebi (1984) . This method measures the exponential disappearance of H 2 O 2 (10 mM) at 240 nm in the presence of cell or tissue homogenates, and catalase activity can easily be calculated from the equation
, where k is the rate constant.
Determination of glutathione peroxidase activity. A kit from Oxis Research was used (BIOXYTECH GPx-340 Colorimetric Assay for Cellular Glutathione Peroxidase). The oxidized form of glutathione (GSSG), produced upon reduction of an organic peroxide (or hydrogen peroxide) by glutathione peroxidase (GPx), is recycled to its reduced state by the enzyme glutathione reductase (GR). The GR reaction oxidizes NADPH to NADP + , whereas GSSG is reduced back to GSH. The oxidation of NADPH to NADP + is accompanied by a decrease in absorbance, for 3 min at 340 nm, providing a spectrophotometric means for monitoring GPx enzyme activity, after the addition of 350 μl of tert-butyl hydroperoxide as the working substrate (Lawrence and Burk, 1976) . The samples were homogenized in a 50 mM Tris-HCl buffer, pH 7.5 containing 5 mM EDTA and 1 mM 2-mercaptoethanol. Tubes were then centrifuged at 10,000 × g for 10 min at 4°C. Supernatants, which contained the enzyme, were removed and kept on ice until analysis. Seventy microliters of diluted samples was added to 350 μl of an assay buffer (50 mM Tris-HCl pH 7.6 containing 5 mM EDTA) and 350 μl of a NADPH reagent containing GSH, GR, and NADPH. Protein levels were measured using concentrated Coomassie Blue (Bio-Rad), according to Bradford (1976) .
Effects of lead and SeCys on neurite outgrowth. The PC-12 cell line, pheochromacytoma clone, responds to the nerve growth factor (NGF) by neurite outgrowth. The PC-12 cells (25,000 cells) propagated in an RPMI culture medium supplemented with 10% horse serum were plated onto a collagencoated 24-well-plate. The plate was divided into seven groups in triplicate; (I) Control: no NGF, no lead acetate, no SeCys; (II) NGF Control: NGF (100 ng/ ml), no lead acetate, no SeCys; (III) SeCys only: NGF (100 ng/ml), no lead acetate, SeCys (5 μM); (IV) Lead only 100: NGF (100 ng/ml), lead acetate (100 μM), no SeCys; (V) Lead only 500: NGF (100 ng/ml), lead acetate (500 μM), no SeCys; (VI) Lead 100 + SeCys: NGF (100 ng/ml), lead acetate (100 μM), SeCys (5 μM); and (VII) Lead 500 + SeCys: NGF (100 ng/ml), lead acetate (500 μM), SeCys (5 μM). The media in the well was replaced with a DMEM culture media supplemented with 0.5% FBS, 1% l-glutamine, and 1% penicillin/streptomycin. All wells received 100 ng/ml NGF every other day, except Group I. They also received an appropriate amount of lead acetate (72 h) and/or SeCys (48 h) in the DMEM media, according to their group number. Cells were fixed with 0.5% glutaraldehyde and photographed.
Neurotoxicity of lead in PC-12 cells. Approximately 2 × 10 6 cells were plated onto a collagen-coated, 24-well plate in an RPMI media. The plate was divided into four groups, in triplicate; (I) NGF Control: NGF (100 ng/ml), no lead acetate; (II) Lead only 10: NGF (100 ng/ml), lead acetate (10 μM); (III) Lead only 100: NGF (100 ng/ml), lead acetate (100 μM); and (IV) Lead only 500: NGF (100 ng/ml), lead acetate (500 μM). After cell attachment, the media was replaced with a DMEM culture media, supplemented with 0.5% FBS, 1% Lglutamine, and 1% penicillin/streptomycin. All wells received 100 ng/ml NGF every other day, except Group I. After 1 week, lead groups received various concentrations of lead acetate in the DMEM media, and, after 72 h of lead exposure, 0.1 ml of culture media was collected from each group. Damage to cell membranes was evaluated by measuring the amount of the intracellular enzyme lactate dehydrogenase (LDH) in the medium. The lactate dehydrogenase (LDH) activities were determined at 340 nm with a colorimetric LDH assay kit (Sigma, USA).
Detection of apoptosis in PC-12 cells after lead exposure. Approximately 3 × 10 6 cells were plated onto collagen-coated, 6-well-plates in an RPMI media. The plate was divided into four groups, in triplicate; (I) Control: no lead acetate, no SeCys; (II) Lead only 500: lead acetate (500 μM), no SeCys; (III) SeCys only: no lead acetate, SeCys (5 μM); and (IV) Lead 500 + SeCys: lead acetate (500 μM), SeCys (5 μM). Lead groups received 500 μM of lead acetate in the DMEM media for 72 h. The media was then changed on all cultures, and a fresh media supplemented by the addition of 5 μM SeCys was added to groups III and IV. Groups I and II received the regular media with no supplement. At the end of an additional incubation period of 24 h, cells were collected by using a cell scraper, lysed in a lysis buffer, and analyzed with a caspase-3 assay (R&D systems, USA).
Detection of PKC activity in PC-12 cells after lead exposure. Approximately 3 × 10 6 cells were plated onto collagen-coated flasks in an RPMI media. Cells were divided into three groups, in duplicate: (I) Control: no lead acetate, no SeCys; (II) Lead only 500: lead acetate (500 μM), no SeCys; and (III) Lead 500 + SeCys: lead acetate (500 μM), SeCys (5 μM). Lead groups received 500 μM of lead acetate in the DMEM media for 72 h. The media was then changed on all cultures, and a fresh media, supplemented with 5 μM SeCys, was added in Group III. Groups I and II received regular media with no supplement. At the end of an additional incubation period of 24 h, the cells were collected using a cell scraper to be analyzed for PKC activity with a PepTag assay (Promega, USA).
Statistical analyses. Tabulated values represent mean ± SD of two to three experiments in triplicate. A one-way analysis of variance (ANOVA) test was used to obtain data for experimental and control groups, except a two-way ANOVA was used for data shown in Figs. 2 and 3 . For all the data sets, a Bonferroni post-test was performed using a GraphPad Prism for Windows (GraphPad Software, San Diego, CA). Significance was determined at P b 0.05 and the 95% confidence interval.
Results
Colony formation and cell proliferation
A colony formation curve (Fig. 2) was generated by plotting the survival fraction versus the lead acetate concentration. Leadinduced cell toxicity appeared to be dose-dependent. Administration of 1 mM lead acetate killed almost 90% of the cells, whereas SeCys protected them against lead toxicity and improved the survival rate by approximately 70%.
A cell proliferation (MTS) assay also confirmed the colony formation results. CHO cells that were metabolically active bioreduced the MTS to a colored formazan product in the culture media. The absorbance at 490 nm was directly proportional to the number of viable cells. In Fig. 3 , the dosedependent cell toxicity of lead can be seen, as well as the protective effects of SeCys that was administered after lead exposure. Absorbance levels that had been reduced (due to the toxic effects of lead) were returned to control group levels when the media was supplemented with SeCys (5 μM). Table 1 displays the results of GSH and GSSG measurements, as determined by HPLC. GSH levels in CHO cells (treated with media containing 500 μM lead) were significantly lower than those observed in the control group (P b 0.05). Treatment with SeCys enhanced media significantly increased the GSH levels after lead exposure. The levels of GSSG (the oxidized form of GSH) were found to be elevated in the lead-only group, as compared to that in the control (P b 0.05). Treatment with 5 μM SeCys returned GSSG to control levels. When GSH/GSSG ratios were calculated, a significant decrease in the lead-exposed group, compared to the control, was observed (P b 0.05). However, 5 μM SeCys supplementation returned the ratio back to the level of the control group. Table 2 shows the MDA levels (a marker of lipid peroxidation) that were measured by HPLC. In lead-exposed (500 μM) CHO cells, MDA levels were significantly higher than those of the control group (P b 0.05). However, leadexposed cells, incubated with 5 μM SeCys, had significantly lower MDA levels than those seen in cells incubated in media alone after lead exposure. SeCys-treated groups had MDA levels that were essentially identical to the levels seen in the control (P N 0.05). Table 2 also contains results from catalase and GPx activity assays. The activities of both enzymes in the lead-only group were significantly increased (in comparison to the control group's CAT and GPx activities) when the group was treated with lead acetate without any SeCys supplementation (P b 0.05). However, a significant decrease in catalase activity was measured in lead-exposed cultures that were incubated with 5 μM SeCys, as compared to catalase activity in cultures that had not received any SeCys. The same trend was also observed in GPx activity. Lead acetate administration significantly increased the GPx levels (P b 0.05), whereas 5 μM SeCys supplementation, after lead exposure, reduced enzyme activity back to the level seen in the control group.
GSH and GSSG results
MDA results
Catalase and glutathione peroxidase results
Effects of lead and SeCys on neurite outgrowth
The effects of lead on neurite formation in PC-12 cells can be seen in Fig. 4 . Lead exposure at 100 and 500 μM made significant changes in the morphology of PC-12 cells. The number of neurites formed per cell appeared to decrease in leadexposed groups, as compared to the control group. Moreover, the administration of 5 μM SeCys (after 100 μM lead acetate exposure) partially protected the neurite outgrowth compared to the corresponding lead-only group. However, after greater levels of lead were administered (500 μM), no protection of neurite outgrowth or cell morphology was provided by SeCys (data not shown).
Cytotoxicity of lead in PC-12 cells
Fig . 5 shows the results from a lactate dehydrogenase (LDH) activity assay. PC-12 cells that were exposed to lead acetate at concentrations of 10, 100, and 500 μM for 72 h showed a nearly linear increase in LDH activity. Results for each concentration were significantly higher when compared to those of the control groups.
Detection of apoptosis in PC-12 cells after lead exposure
The results obtained from a caspase-3 apoptotic assay (Fig.  6) showed that: 72 h of lead exposure at 500 μM significantly induced the caspase-3 activity in PC-12 cells (P b 0.05). Although the enrichment of the cell culture media with 5 μM SeCys, after lead exposure, decreased the caspase-3 activity, it did not reach the level seen in the control group.
Detection of PKC activity in PC-12 cells after lead exposure Fig. 7 shows the picture obtained from a PepTag nonradioactive PKC assay. Membrane fractions of PC-12 cells that had been exposed to 500 μM lead acetate (without any SeCys supplementation) migrated toward the anode, indicating the presence of PKC activity. The same fraction from control cells, without any lead exposure, moved in the opposite direction. There was, however, a partial reversal in PKC activity in the cells that had received 5 μM SeCys after lead exposure. Two distinct bands in opposite directions (anode and cathode) indicated the presence of both phosphorylated and nonphosphorylated peptides.
Discussion
Results obtained from our previous studies of CHO cells (Yusof et al., 1999; Gurer et al., 1998 Gurer et al., , 1999a Gurer et al., , 1999b Gurer et al., , 2001 Neal et al., 1999) with CHO cells showed that lead induces oxidative stress and that this can be reversed by numerous well-known antioxidants, including N-acetylcysteine, taurine, and captopril (Yusof et al., 1999; Gurer et al., 1998 Gurer et al., , 1999a Gurer et al., , 1999b Gurer et al., , 2001 Neal et al., 1999) . Therefore, we used the same cell line to evaluate the effects of SeCys on lead-induced oxidative stress. First, CHO cell survival was assessed by colony formation and proliferation assays with the addition of SeCys followed by lead exposure. When CHO cells were exposed to lead acetate in various concentrations, their survival rate decreased as the lead concentrations increased. The administration of 5 μM SeCys improved the survival rate by almost 70%, while only 10% of the cells that received 1 mM lead acetate survived without any further treatment. Lead acetate can form complexes with SeCys and precipitate out in a cell culture media. Initial experiments in our laboratory showed that, when higher concentrations of SeCys and lead were combined in a test tube, they immediately formed a yellow-colored solid complex. In our in vitro experiments, CHO and PC-12 cells received appropriate concentrations of lead acetate in the media (prior to SeCys supplementation) in order to prevent possible chelation of lead before being taken up by the cells. However, there is still the possibility that selenocysteine might exert its protective ability by binding lead, once it enters the cells.
GSH and GSSG levels in CHO cells were measured as an indicator of antioxidant status. This tripeptide can directly scavenge ROS or serve as a substrate for another enzyme (GPx) and become oxidized to GSSG in order to reduce ROS indirectly. (Depletion of GSH levels, accompanied by increased GSSG levels, is a good indicator of oxidative stress.) Therefore, in addition to studying cell survival and cell proliferation, we determined GSH and GSSG levels of lead-exposed CHO cells and compared them to those of SeCys-treated cells that had been previously exposed to lead. A significant decrease occurred in the GSH/GSSG ratio in the CHO cells after lead exposure. Cells that received 5 μM SeCys as treatment had GSH/GSSG levels similar to those of the control cells. The degree of oxidative stress can also be evaluated by determining levels of MDA (a lipid peroxidation byproduct) in lead-exposed CHO cells. An elevation in MDA levels of more than 50% indicated the presence of lead-induced lipid peroxidation. Administration of SeCys following lead exposure reduced the MDA concentrations back to those of control levels.
Catalase (CAT) and glutathione peroxidase activities were the last oxidative stress parameters in our in vitro study of CHO cells. CAT converts hydrogen peroxide to molecular oxygen and water, whereas GPx catalyzes the detoxification of organic and hydroperoxides (Beers and Sizer, 1952; Burk et al., 1978) . Significant increases in CAT and GPx levels in lead-exposed cells indicated the involvement of lead-induced reactive oxygen intermediates. The activities of CAT and GPx in the CHO cells that had been exposed to lead, prior to SeCys treatment, were returned to normal. The mechanism behind the antioxidant ability of SeCys is probably its indirect support of the antioxidant enzyme activities in cells.
A PC-12 cell line was used to evaluate the role of SeCys in lead-induced neurotoxicity. Since our previous study investigated a well-known antioxidant's effect on leadinduced oxidative stress in the PC-12 cell line (Aykin-Burns et al., 2005) , we focused on studying SeCys's impact on neurotoxicity by determining neurite outgrowth and lactate dehydrogenase enzyme levels in the media and caspase-3 as an apoptotic marker. Moreover, since protein kinase C (PKC) activation has been suggested as being the cause of learning disorders and behavioral deficits resulting from lead poisoning (Bank et al., 1988) , we also determined PKC activation in the presence and absence of SeCys in lead-exposed PC-12 cells.
Since the mechanisms behind the neurotoxic effects of lead are still unclear, a neurite outgrowth assay proved to be promising for qualitative assessment of lead-induced neuropathies (Apfel et al., 1992) . Administration of 100 and 500 μM of lead acetate in PC-12 cells significantly changed the cell morphology, as well as the morphology of the neurites. After 72 h of lead exposure, some swelling and bleb-like formations were observed in the cells and in the neurites, along with a decreased number of neurites formed per cell. Administration of 5 μM SeCys, after 100 μM lead acetate exposure, showed a slight protection in the morphology of the cells and neurites. SeCys also increased the number of neurites formed by each cell. However, this protection was not seen at higher levels of lead exposure.
Lactate dehydrogenase (LDH) assay results also supported the findings of a previous cell study regarding lead-induced lipid peroxidation (Hossain et al., 1997) . LDH activity was elevated almost linearly with the increased levels of lead exposure at various concentrations. Morphological changes due to lead exposure can be explained by membrane damage in the PC-12 cells. However, it has also been suggested that elevated LDH levels can be detected in cells that are undergoing apoptosis (Hossain et al., 1997) . Although the mechanisms of ROS-induced apoptosis are not fully understood, the role of signaling pathways, including lipid messengers or lipid peroxide, might be involved in lead-induced apoptosis (Maccarone and Catani, 1997; Morel and Barouki, 1999; Nagata, 1997; Sarafian and Bredesen, 1994) . In a recent study, Sharifi et al. has shown that lead-induced cell death in rat hippocampus in vivo is due to apoptosis (Sharifi et al., 2002) . The results obtained from the caspase-3 assay indicated that 500 μM of lead acetate exposure induced apoptosis in PC-12 cells. Administration of 5 μM SeCys did not reverse the increased caspase-3 activity following lead exposure (500 μM).
The last assay performed on PC-12 cells was a nonradioactive PepTag PKC assay. Lead-induced PKC activation has been suggested as being the cause of learning disorders and behavioral deficits (Bank et al., 1988) . Many researchers have studied the activation of PKC isozymes by lead exposure (Chen et al., 1998a (Chen et al., , 1998b Hilliard et al., 1999; Ramesh and Jadhav, 2001; Deng and Poretz, 2002) . One of the theories proposed that regulation of signal transduction involved in the learning processes is determined by long-term alteration in the state of protein phosphorylation due to long-term-induced PKC activation (Bank et al., 1988) . In a recent study, Chen et al. suggested that lead induces the calcium-dependent PKCγ isozyme (Chen et al., 1998a,b) . Even though the mechanism of lead-induced PKC activation has not been fully explained, the kinetics of protein kinase C activation by lead were found to be similar to those of calcium. Therefore, it is believed that calcium and lead interact with the protein kinase C in a similar way (Markovac and Goldstein, 1988) . Another mechanism suggested for neurotoxicity of lead states that lead-induced stimulation of PKC delays the oligodendrocyte differentiation (Baron et al., 1998 (Baron et al., , 1999 . When their differentiation is delayed, adverse effects on cognitive performance are seen in the long term (Pfrieger and Barres, 1997; Sanchez et al., 1996; Sortwell et al., 2000) . Lead-induced PKC activation in the membrane fraction of PC-12 cells was partially reversed by administration of 5 μM SeCys to the cells after lead exposure. By forming a seleniumsulfur adduct, SeCys was probably reacting with the redoxactive cysteine residues in PKC. The intramolecular disulfide formation in PKC in the catalytic subunit then inhibits enzyme activity (Gopalakrishna et al., 1997) .
The results obtained from this study support the concept of the presence of oxidative damage in lead poisoning. Selenocystine was also found to be an effective antioxidant against leadinduced oxidative injury. Disruption of the prooxidant/antioxidant balance, which results in decreased GSH/GSSG ratios, increases MDA levels and elevates CAT and GPx activities. This was demonstrated in lead-exposed CHO cells. The cytoand neurotoxic effects of lead were also investigated in a neuronal cell line, and lead was found to induce apoptosis and PKC activity and to damage neurite formation in PC-12 cells. Administration of SeCys to PC-12 cells reversed the changes in the cells' morphology and neurite formation that were observed following lead exposure. SeCys also lessened the lead-induced PKC activity, suggesting that it can play an important role in preventing some of the symptoms of lead neurotoxicity. Consequently, antioxidant supplementation is believed to be beneficial in abating some toxic effects of lead, as well as leadinduced oxidative stress. However, detailed pharmacokinetic studies are still required to understand the mechanisms underlying the effects of SeCys.
